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On the Determination of the Stacking Fault 
Energy from Extended Nodes in Cu2NiZn 
G. J. L. VAN DER WEGEN, P. M. BRONSVELD, AND J. Th. M. DE HOSSON 
Stacking fault energies can be determined from the dimensions of extended islocation 
nodes. Different heoretical treatments of the node problem have been published. The aim of 
the present paper is to compare the results obtained using the theories of Brown and ThOl4n, 
Siems and Jossang et al and to provide quantitative information about the dependence of
the stacking fault energy for Cu2NiZn on the model used. Extended nodes in networks with 
mesh size larger than the outer adius of the node (R) can be used for the determination f 
the stacking fault energy. Isolated nodes as well as network nodes are used to obtain the 
stacking fault energy in Cu2NiZn, which appeared to be 33 _+ 9 mJ/m 2. 
IT has been well established that ~(110) dislocations 
in some fcc metals and alloys dissociate into Shockley 
partials on the (111) slip plane. The separation of the 
two partials is determined by the stacking fault energy. 
The lower the stacking fault energy, the wider the split 
and the more rigorously should slip be confined to a 
( 111 ) slip plane. 
The stacking fault energy 7has been shown to be the 
principal factor determining the unidirectional work- 
hardening behavior of various fcc metals and alloys. 
More precisely, the dimensionless parameter 7/Gb,  
where G is the shear modulus and b the slip distance, 
gives a measure of the ease of cross slip of screw 
dislocations and hence determines the work-hardening 
behavior. The stacking fault energy 7is therefore a 
property of great physical importance; unfortunately it 
is also difficult o measure accurately. 
There has been considerable controversy over the 
correct values of 7 for various fcc metals and alloys. At 
various times different authors have cited values dif- 
fering by a factor of 4 for the same metal. For Cu after 
twenty ears during which -/was estimated to be as low 
as 24 mJ/m 2 (Ref. 1) and as high as 163 mJ/m 2 (Ref. 2), 
the measurement by Cockayne t al 3 ( ' /= 41 _+ 9 
mJ/m 2) results in a value very close to the original 
estimate of Fullman? Although the subject is still 
controversial, it is generally believed that the node 
method originated by Whelan 5and improved by 
others 6,7 provides reliable values for the stacking fault 
energy. However, especially in the case of Cu the nodes 
are small and the node method is difficult o apply to 
some extent of accuracy. 
By transmission electron microscopy we have already 
characterized superlattice dislocations in Cu2NiZn. sThe 
superlattice dislocation i  an ordered crystal consists 
essentially of two ordinary dislocations (b = ~(110)) 
joined by an antiphase boundary. In fcc crystal struc- 
tures, however, the superlattice dislocation is compli- 
cated by the splitting of each of these dislocations into 
Shockley partials on a ( 111 ) plane. If the slip system is 
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known, the separations between the partials of a 
superlattice dislocation can be calculated within the 
framework of anisotropic elasticity theory using values 
for the ordering energy and the stacking fault energy? 
Inversely, measuring the separations between the par- 
tials will produce values for the interaction energies 
between the different species and for the stacking fault 
energy which all determine the mechanical properties. 
However, the partials of two unit dislocations could not 
be detected with magnification up to 93,000 times from 
which we may conclude that it is obviously impossible, 
using the Philips EM 300, to obtain a reliable value for 
the stacking fault energy in Cu2NiZn, assuming that the 
antiphase boundary energies are known. 
Nevertheless, based on the work of Swann and 
Nutting 1~ on Cu3Zn, it may be expected that in the alloy 
Cu2NiZn lower values of the stacking fault energy may 
be obtained than in the constituent pure metals. For this 
reason, we have applied the method utilizing extended 
dislocation odes in order to obtain a reliable value of 
y. One should keep in mind though, that both dislo- 
cation locking and ordering can complicate and some- 
times obscure the effects of having varied the stacking 
fault energy on alloying. Different heoretical treat- 
ments of the node problem have been published in the 
literature. In particular we will focus our attention on 
three different theoretical nalyses based on the theory 
of Brown and Th616n, H of Siems ~2 and of Jossang et al. v 
For a comprehensive survey of those treatments ref- 
erence should be made to Ruff? 3 The aim of the present 
paper is to compare the results obtained using different 
treatments and to provide quantitative information 
about he actual sensitivity of stacking fault energy for 
Cu2NiZn depending on which model has been used. 
EXTENDED DISLOCATION NODES 
An extended dislocation ode is the result of a 
reaction between two extended islocations, each of 
which has its own slip plane and one dislocation is cross 
slipping into the slip plane of the other? 
The three theoretical models as have been mentioned 
before provide values for the equilibrium configuration 
of a symmetrical extended node using isotropic elas- 
ticity theory. Proceeding on the proposition of a trial 
shape for an extended node, Brown and Th61~n cal- 
culated the force due to the faulted stacking, the 
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dislocation interactions between the other nodal dis- 
locations and the normal force on the dislocation line 
due to the self stress of the dislocation. This is done at 
forty-one points along a bounding partial dislocation. 
Each point is displaced proportionally to the stress 
exerted. The force at each point is recalculated. This 
iterative procedure is halted when the total force at each 
point has vanished, determining the equilibrium shape 
of the node. The results of the calculations are sum- 
marized in two equations: 
~-  0.27 - 0.08 cos 2a 
+{OlO4( ) 
[1] 
Gb~ 0.055 ~ - 0.06 cos 2a 
+ 
+ 0.036 ] - - -  cos 2(~ log,0-- ,  [2] 
where 3' is the stacking fault energy, bp is the length of 
the Burgers vector of the partial dislocation, G is the 
shear modulus, ~, is Poisson's ratio, a is the character of 
the node, e is a cut-off parameter (~ = bp should be an 
appropriate choice ~), R is the outer radius and y the 
inner radius of the extended node (Fig. 1). The coef- 
ficients have been chosen to fit the computed values 
within an accuracy of 10 pct. 
Siems determines the configuration of minimum total 
energy using Lagrange's method of undetermined mul- 
tipliers. As total energy he also sums the stacking fault 
energy, the interaction energy between the nodal dis- 
locations and the line energy. The variation of the line 
energy with character ~of the partial dislocation has 
been taken into account. However, the theory considers 
the interaction energy between two partials of one 
branch of the extended node and approximates the 
interaction energy assuming two parallel dislocation 
\/~x ~ / I 
Fig. I - -A schematic drawing of a dislocation ode pair containing 
intrinsic stacking faults. Burgers vector of the partials are indicated in 
Thompson's notation. 
lines. This theory ields the following equations: 
yR 1[  Q0 ~[ v(1 + 3cos2a] R 
Gb~ = 4rrkQ o -  1] 1 + ~ 2~ ] log~-  [31 
YY Q0 [2 -  v(1 + 2cos2a)] 
~= 8~r  [ - -~]  ~ p~- - - ] '  [4] 
where Q0 is a parameter satisfying the equation: 
log  0 
2-  v(1 + 2cos2~) 1 log~--, [5] 
being proportional to the relative fault width expansion 
at the extended node center: 
Qo = V'3(y/d), [61 
where 
d =8~r~, ~1-~,}  1 - ~ cos2~ [71 
represents he separation of the partials forming a node 
arm at large distance from the node center (Fig. 1). The 
same value for the cut-off parameter e should be applied 
as in the theory of Brown and Th016n. 
The theory of Jossang el al calculates the exact 
energy of an angular dislocation configuration that 
approximates the shape of the extended node (Fig. 2). 
The double angular dislocation configuration has the 
same stacking, fault area as the actual node. The energy 
difference between the angular configuration and the 
actual one is very small. For a discussion the reader is 
referred to the original paper. 7Based on this model 
values of E 0 as a function of/3 are obtained, using the 
following expressions: 
E~ = Gb 2(2 - v(l + 2 cos 2~)} = ~/~ [81 
and 
_ Y 
/3 pbpG' [9] 
wherep = bp/2~ and Z o is empirically in the range 1.10y 
to 1.15y. Comparison of the three theories hows that 
Fig. 2--Double angular dislocation configuration approximating the 
node configuration i the theory of J~ssang et aL 
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for screw (a -- 0 ~ extended nodes all three theories 
result into almost he same values for the stacking fault 
energy (whenp = 2 is taken in Jossang's theory). There 
exists a large difference for edge-oriented (a = 90 ~ 
extended nodes. Measuring the stacking fault energy 
from nodes of edge type, therefore will provide a critical 
test on the different models. Unfortunately, only a few 
extended nodes with a ~ 50 ~ are observed. 
ELECTRON IMAGING AND MEASUREMENT 
Extended nodes in fcc materials consist of an intrin- 
sic stacking fault, with fault vector R of type i/6a0(211), 
bounded by Shockley partials with Burgers vector of 
type i/6a0(211), lying in slip planes of type ( 111 ) (Fig. 1). 
The Burgers vector of a dislocation can be determined 
by using the criterion that the dislocation is invisible if g 
<()  "~ 14 9 b = 0 and g 9 b /~ u is sufficiently small ( ~v.5,, 
where g is the diffraction vector, b is the Burgers vector 
and u represents he unit vector along the dislocation 
line. The slip plane can be determined by tilting 
experiments. The character of each arm of the node is 
described by the angle between the line direction of the 
arm and the total Burgers vector of the arm. If all three 
arms of the node have the same character, the node is 
called character-symmetric. Diffraction vectors used for 
identification of the Shockley partials are of type (220) 
and (111). The diffraction vectors are listed in Table I. 
One should keep in mind that partials imaged with g 
9 b = _+ ~ are effectively invisible, is Stacking fault 
contrast occurs when a = 2qrg 9 R =/= 2~rn, where n is an 
integer. Because the normal on the stacking fault plane 
(identical to slip plane) makes an angle with the foil 
normal, stacking fault fringes are visible in Fig. 3(b). 
The fringes run parallel with the secant of the stacking 
fault plane and the surface of the foil. Almost all grains 
have a [110] orientation ear the foil normal, due to 
rolling texture. Only (111) and (111-) slip planes can be 
oriented perpendicular to the beam due to the limiting 
tilt angle. Therefore, as a result he fringes of extended 
nodes in these two slip planes have a [110] direction. 
The nodes are imaged in the dark field weak-beam 
mode. 16 This technique is an effective method for 
measuring extended node dimensions since the position 
of the dislocation image is less than 0.7 nm apart from 
the dislocation core position under condition that [sg I
>__ 0.2 nm -i and ]w I = I~g 9 Sg[ >_ 5 is fulfilled, i4 Here, sg 
is the deviation parameter f om exact Bragg position 
and ~g is the extinction distance (both associated with 
the reflection used for the image). Since the image of the 
partials of an extended node li  on the same side of the 
cores, the measured imensions of the extended node 
differ less than 0.7 nm from the actual dimensions, 
using the above values of [sgl and Iwl. The nodes are 
imaged in two different ways to measure the separa- 
tions~ in dislocation line contrast using a diffraction 
vector of type (113), when the grain is in a (211) 
orientation (Fig. 3(a)) and in stacking fault contrast 
using a diffraction vector of type (111), when the grain 
is in a (211) orientation (Fig. 3(b)). Contrast of the first 
type exhibits also a weak stacking fault contrast. 
The nodes are imaged in the electron microscope at a 
magnification of about 75,000 times. Further photo- 
graphic enlargement produces the final picture for 
measurements. The measuring technique applied here 
consists of superimposing a series of circular annuli, 
choosing the ones which best fit to the inner and outer 
radii of the extended node. Because the projection plane 
(type (211 )) makes a small angle with the slip plane 
(type ( 111 )) one has to contend with a small geometric 
distortion of the extended node in the projection plane. 
For symmetric extended nodes, Ruff i3 provides a for- 
mula for separate corrections on the three different 
inner radii and takes the average value. Because the 
dimensions of the extended nodes measured in 
Cu2NiZn are very small another correcting procedure is
applied using Table XII of Ref. 13. The average of the 
correction factors corresponding to the angle q~ ( = an- 
gle between projection plane and slip plane) is used to 
(a) 
Table I. g 9 b and g 9 R Values for (220)  and (111)  Reflections 
b\g  [220] [202] [0221 [i-111 [1 i-l] [11 i-] 
V6 [2-11 ] -1  -1  0 +2/3  -1 /3  -1 /3  
[12-1] + 1 0 - 1 -1 /3  +2/3  -1 /3  
~/6 [112-] 0 +1 +1 -1 /3  -1 /3  +2/3  
R = ~ (112-) 0 +1 +1 - -1/3 --1/3 +2/3  
(b) 
Fig. 3--(a) Three dislocation ode pairs of screw type imaged in 
dislocation line contrast. Dark field weak-beam image; projection 
plane (211); g = [113]; Sg = 0.15 (nm- I); a = 60 deg; (111) slip 
plane. (b) Same nodes as Fig. 3(a) imaged in stacking fault contrast. 
Dark field weak-beam image; (121) projection plane; g = [1 i-l]; Sg 
= 0.10(nm J). 
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correct he circle chosen by the criterion as mentioned 
above. The latter is actually an averaging technique 
which minimizes the geometric distortion. This pro- 
cedure should provide the radii with an accuracy of 1 
pct. Isolated and symmetrical nodes, at large distance 
from foil surfaces and grain boundaries, will produce 
the most reliable results for the stacking fault energy. 
Most extended nodes appear in networks but they can 
still be utilized, provided that the network mesh size is 
larger than the outer radius of the extended node, which 
is the case in the network shown in Fig. 3. 
The foils have been prepared in the same way as in 
Ref. 8. The sample is annealed at 838 K for l0 min, 
having a composition of 51 at. pct Cu, 25 at. pct Ni and 
24 at. pct Zn. 
RESULTS 
In the Cu2NiZn alloy deformed 5 pet in tension, two 
isolated extended nodes and a network of thirteen 
extended nodes are characterized using the method 
described in the previous ection. It appeared that all 
nodes in the network are of the same character. The 
network is probably formed by the intersection of an 
extended ordinary dislocation with a dislocation pile- 
up. Since all dislocations in a pile-up have the same 
Burgers vector and the same dislocation line direction 
(i.e. they have the same character), it is to be expected 
that also all nodes of the network have the same 
character. The network consists of 60 deg nodes and 
both isolated nodes are 30 deg in character. 
From neutron diffraction experiments t7 on Cu2NiZn 
at room temperature, a lattice parameter a 0 = 0.36380 
_+ 0.00004 nm is obtained and this value is used in the 
calculation of bp. Values of the elastic constants (C~j) for 
the alloy Cu2NiZn are obtained theoretically by J. de 
Groot et al. 9 Their values are: C~ = i.635 X 10 ~ 
N/m 2, C12 = 1.185 x 10 ~J N/m z and C44 = 0.836 
X 10 ~ N/m 2. For cubic materials Teutonico ~ found 
good agreement between the width of extended is- 
locations calculated from anisotropic theory with those 
obtained from isotropic theory using the effective values 
of G and ~, for glide on ( 111 } planes. Using these values 
of the elastic constants it is found that G~rf = 4.34 
• l0 l~ N/m ~ and ~r = 0.446. With these effective 
values of G and u curves of 7R/Gb 2 and 7y/Gb 2 are 
drawn as a function of R for several a-values according 
to the theory of Brown and Th616n (Fig. 4) and 
according to the theory of Siems (Fig. 5). In Fig. 6 E 0 is 
Tab le  II. Measured Radii and 
Calculated Stacking Fault Energies 
y R V(Y) -/(R) yf.v) v(R) ~,(y) 
p=2 p=~ 
(nm) (nm) Siems B + T Jossang 
60 ~ 6.5 36.2 32 18 41 245 34 31 
30 ~ 8.4 29.9 29 33 30 365 28 245 
30 ~ 6.4 33.3 365 30 38 33 365 32 
average  33 27 365 31 33 29 
plotted as a function of/3 for several a-values according 
to the theory of Jossang et al. From these curves the 
stacking fault energy is determined using the measured 
quantities y and R. The results are compiled in Table 
II. 
0.30 V= 0 4/,61Z, 
e=bD= I "tes~ ~ |r7 
16 
Q29 15 
/ /~  ~/~ Ct:30o .~-  i lt' 
028 ~ -  . . . . . . .  13  
y Y/Gbp~ / ~ ~ ~ ~12 




Ct:60_ ~ ..... J 
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Fig. 4- - -yR/G~-values ( . . . . .  ) and yy/Gb~-values ( ) as a function 
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of R for severala values according to the theory of Siems. 
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Fig. 6 - -~ 0 as a function of fl for several a values according to the 
theory of Jossang et al. 
DISCUSSION 
Determination f the stacking fault energy on 
extended nodes has to be done with utmost care. 
Considerable errors can be introduced by a non- 
equilibrium shape of the extended nodes or by imaging 
effects. Inhomogeneities n composition are minimized 
by an annealing treatment at 1123 K for four days. 
Internal stresses due to dislocation interactions, free 
surfaces and grain boundary effects are minimized by 
taking nodes which are at large distances from other 
dislocations and surfaces (e.g. isolated nodes). However, 
Ruff ~3 suggested that a network of nodes can be used if 
the network mesh size is larger than R (outer adius of 
the node). Since this is the case in the observed network, 
values for the stacking fault energy are also determined 
from these extended nodes. The assumption seems to be 
justified because the average value of the stacking fault 
energy calculated from the network of extended nodes 
is not different from the value obtained from two 
isolated extended nodes (Table II). Important quantities 
in imaging are the magnification and the position of the 
image intensity peak of a dislocation with respect to its 
core position. The error in the magnification is less than 
2 pct when the overall magnification is calibrated, 
keeping the objective lens current at the same value, 
which is applied during the imaging of an extended 
node. As mentioned before the imaged separation of the 
nodal partials does not differ more than about 0.7 nm 
from the actual separation of the cores, using the 
indicated values of ISgl and Iwl. 
Other errors can be introduced by measuring the 
inner and outer adii of the imaged extended nodes. As 
the inner radius is very small there is an appreciable 
error in its measurement of about 3 pct. However, being 
extremely careful, it should be possible to determine the 
node dimensions within a l0 pct overall accuracy. 
By a rapid quench from the annealing temperature of 
838 K (above the critical temperature for long range 
order T c ~ 768 K) the disordered state is quenched in. 
In the electron microscope the specimen isheated by 
the electron beam, which can initiate ordering. As a 
result he extended nodes may decrease in size as the 
internal energy of the faulted area is increased by 
ordering. This leads to an overestimate of the stacking 
fault energy. However, since no superlattice r flections 
could be detected long range order did not exist. In 
summary we can state that the stacking fault energy of 
Cu2NiZn is 33 _+ 9 mJ/m 2. This value is obtained from 
Table II. Arguing from the values of the stacking fault 
energies in pure Cu and pure Ni, it could be expected 
that on alloying stacking fault energies will be in the 
range 41 to 120 mJ/m 2. Halder et al ia found that the 
influence of the Ni content on the latter is small in 
ternary CuNiZn alloys. Addition of Zn (hexagonal 
structure) decreases the stacking fault energy, ~9 because 
the stacking fault area has a hexagonal configuration. 
Based on the above consideration, a stacking fault 
energy of Cu2NiZn close to that of pure Cu, as found in 
our experiments, i  not surprising. 
CONCLUSIONS 
From this work the following conclusions can be 
stated: 
1. Extended nodes have not been observed in poly- 
crystalline specimens deformed one or three pct in 
tension. A dislocation density corresponding to a de- 
formation of about five pct is required for the formation 
of extended nodes in Cu2NiZn. They appear as part of a 
network as well as isolated. 
2. The weak-beam ethod for determination f the 
stacking fault energy from extended nodes is readily 
applied to a Cu2NiZn alloy. 
3. The stacking fault energy of Cu2NiZn determined 
in this work is 33 _+ 9 mJ/m z. 
4. The stacking fault energy determined by a meas- 
urement of the outer adius of the extended node yields 
in most cases a smaller value than the one obtained 
from the inner radius. The latter is more reliable 
because the fitting of the circular annuli within the node 
is more consistent. 
5. Extended nodes in a network with mesh size larger 
than R yields a value for the stacking fault energy that 
does not differ from those obtained from isolated 
nodes. 
6. A good theory should predict a stacking fault 
energy independent of the node character a, therefore 
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the value of y(y) (which is more reliable than 7(R)) for 
the 60 deg node should be equal to the average value of 
7(Y) for the two 30 deg nodes within each theory. A 
comparison of values from Table II shows that the 
largest deviation occurs for the theory of Brown and 
Th616n. 
However, because the scatter of the values of the 30 
deg nodes within each theory is rather large, one might 
choose for an alternative approach by starting from the 
average value of one 30 deg node over the three theories 
and comparing the individual 60 deg node with this 
average value. The first 30 deg extended node yields an 
average value of about 28 mJ/m 2, supporting Siems' 
theory and Jossang's theory withp = I/2 which results in 
a value of 32 and 31 mJ/m 2, respectively, for the 60 deg 
extended nodes. The second 30 deg extended node 
yields an average value of about 36 mJ lm z, supporting 
the theory of Brown and ThOl6n and Jossang's theory 
with p = 2 which results in a value of 41 and 34 mJ/m 2, 
respectively, for the 60 deg extended nodes. 
7. The difference between the three theories is clearly 
shown in the values for the stacking fault energy of 
Table II. Determination of the stacking fault energy of 
Cu2NiZn using other methods (for instance: faulted 
dipoles or multiple ribbons) could result in a preference 
for one of the three theories. 
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